r In order to understand how the brain's coding strategies are adapted to the statistics of the sensory stimuli experienced during everyday life, the use of animal models is essential.
Introduction
Understanding how sensory neurons transmit information about behaviourally relevant stimuli is a major challenge in system neuroscience. Growing evidence shows that neural coding strategies are adapted such as to optimize processing of stimuli occurring in the natural environment by taking advantage of their statistical structure (e.g. their probability of occurrence or their spectral frequency content; Attneave, 1954; Laughlin, 1981; Barlow, 2001; Simoncelli & Olshausen, 2001 ). As such, it is necessary to first understand natural stimulus statistics in order to make progress towards understanding the neural code. The prevailing view is that natural stimuli across sensory systems display probability distributions that deviate from normality due to characteristic long tails, indicating that high stimulus intensities are more likely to occur. Furthermore, natural stimuli display scale invariance (i.e. they are self-similar when observed at different temporal or spatial scales). As a result, their spectral power decays as a power law with increasing spatial or temporal frequency (reviewed in Simoncelli & Olshausen, 2001 ). Studies performed across systems have shown that the properties of sensory neurons optimize their coding of natural stimuli based on both probability of occurrence in the natural environment (Laughlin, 1981) as well as their spectral structure. For the latter, optimized coding can be achieved by decorrelating the sensory input: such 'temporal whitening' has been observed across systems and species and is thought to be achieved by ensuring a precise match between the tuning of sensory neurons and the statistics of natural stimuli (i.e. 'white'; Dan et al. 1996; Rodriguez et al. 2010; Huang et al. 2016) . As a result, the neural response to natural stimulation will be independent of frequency. At the perceptual level, optimized coding of natural stimuli displaying scale invariance is thought to underlie Weber's law, which predicts that sensory discrimination thresholds are proportional to stimulus magnitude (Laming, 1986; Zanker, 1996; Dehaene, 2003; Brannon et al. 2008; Francisco et al. 2008) . However, to date it remains largely unknown whether coding strategies used in the vestibular system, which contributes to essential brain functions ranging from stabilization of gaze, control of balance and posture to spatial perception and motor coordination, are adapted to natural self-motion statistics. This is in part due to the fact that recent experiments have demonstrated that the statistical structure of natural vestibular stimuli experienced by human subjects display power spectra that are not well fitted by a power law as a result of pre-neuronal filtering (Carriot et al. 2014) ; specifically, motor control and biomechanics shape the statistics of natural vestibular stimuli before neural processing. Furthermore, most studies of vestibular processing have used artificial (e.g. sinusoidal or noise) stimuli (reviewed in Cullen, 2012) .
In order to understand whether and, if so, how vestibular neural coding strategies are adapted to the statistics of stimuli in the natural environment, it is useful to compare results obtained across multiple species. This is because such a comparative approach allows one to distinguish neural coding strategies that are common across species from those that are species-specific. On the one hand, there are clear similarities between morpho-physiological properties underlying vestibular signal processing across vertebrates, implying common strategies of sensory processing across species (reviewed in Straka et al. 2016) . On the other hand, several studies have uncovered important differences in the response properties of vestibular neurons across species (e.g. see discussions in Beraneck & Cullen, 2007; Medrea & Cullen, 2013) , suggesting that neural coding strategies are species specific, which could result from differences in natural self-motion statistics. However, no study to date has systematically compared the statistical properties of natural self-motion stimuli across species.
To this end, we investigated the structure of natural self-motion signals experienced by mice and monkeys during natural behaviours and compared them to existing data from human subjects. Notably, non-human primates have become a standard model for furthering our knowledge of basic vestibular processing and advancing translational research due to their evolutionary proximity to humans. Further, recent advances in the generation of mouse lines with defined genetic backgrounds and/or transgenic lines, such as CRE, combined with viral-based optogenetics have provided new opportunities to probe the functional circuitry of vestibular pathways (e.g. Vidal et al. 2004; Alagramam et al. 2005; Hoebeek et al. 2005; Bagnall et al. 2007; McElvain et al. 2010; Schlecker et al. 2011; Jones & Jones, 2014; Luebke et al. 2014) . Mice and monkeys are thus two important animal models that are used to uncover vestibular neural coding strategies.
Our results reveal that there are important differences between the statistical properties of natural self-motion stimuli across species. Notably, self-motion generated larger intensity vestibular stimuli in monkeys than in mice. Furthermore, while motion in all six dimensions deviated from normality due to relatively long tails, demonstrating that self-motion was most often relatively low intensity in both species, there were characteristic differences in the spectral power of sensory inputs. First, our analysis of natural rotational stimuli revealed that while stimuli were not scale invariant in either species, in monkeys power spectra decreased more slowly for low and more sharply for high temporal frequencies, with the transition frequencies (2-10 Hz) similar to those previously reported for humans (Carriot et al. 2014) . Qualitatively similar results were obtained for mice. Notably, this unique structure differs from the natural spectra of other sensory modalities which show a power-law relationship with frequency, indicating spectral scale invariance. Furthermore, our analysis of natural translational stimuli also demonstrated marked differences between species. While the associated spectra for monkeys decreased more slowly for low and more sharply for high temporal frequencies (i.e. were not scale invariant, as is also the case for humans, Carriot et al. 2014) , the associated spectra for mice did follow a power law and thus were scale invariant. Accordingly, we conclude that the statistics of incoming natural vestibular stimuli differ significantly in mice and monkeys, with the statistics for monkeys more closely resembling those observed previously in humans (Carriot et al. 2014) . In turn, we speculate that these differences in natural stimuli drive complementary differences in the neural coding strategies between species.
Methods

Animals
Five male 129SvEv adult mice (ß30 g) and two male macaque monkeys (Macaca fascicularis) were included in this study. All experimental protocols were approved by the McGill University Animal Care Committee and all procedures were carried out in strict compliance with the guidelines of the Canadian Council on Animal Care.
Head movement recordings in mice
Head movements were recorded in mice using a micro-electromechanical systems (MEMS) module (LSM330DLC, 4 × 4.5 ×1 mm), which combined three linear accelerometers (recording linear accelerations along the fore-aft, inter-aural and vertical axes) and three gyroscopes (recording angular velocity about pitch, roll and yaw). This MEMS module was firmly secured to a stainless steel head-post implanted on top of the animals' skull.
The surgical procedures and anaesthesia protocols for head-post implantation were as has been described previously (Beraneck & Cullen, 2007; Medrea & Cullen, 2013) . Briefly, mice were anaesthetized with an intramuscular injection of a mixture of atropine (5 × 10 −4 mg g −1 ), ketamine (10 −1 mg g −1 ), acepromazine maleate (2 × 5.10 −2 mg g −1 ), xylazine (10 −1 mg g −1 ), and sterile saline. During surgery the small stainless-steel post was chronically fastened to each animal's skull with dental acrylic. After the surgery, animals were kept in isolated cages and closely monitored during the first 48 h. Buprenorphine (0.05 mg kg −1 ) was utilized for postoperative analgesia, and xylocaine (2%, Astra Pharma, ON, Canada) was applied to the incision site. In addition, care was provided to avoid hypothermia and dehydration.
Note that the head-post was implanted at the Bregma landmark and was oriented such that in resting posture (Vidal et al. 2004 ) the plane spanned by the fore-aft and inter-aural axes of the MEMS module was set parallel to the earth horizontal plane.
Each mouse was placed separately into a large open arena (75 cm diameter) containing familiar bedding as well as food pellets strewn at random spots and was allowed to explore the environment and interact with another mouse from its home cage for 30 min. The repertoire of the exploring behaviours consisted of: walking/running around, foraging, sniffing, grooming, eating food, and climbing up the arena's walls. The data from the six sensors were sampled at 100 Hz and recorded on a microSD card. Subsequent to completing these experiments, all animals were assigned to an on-going neurophysiological study.
Head movement recordings in monkeys
Experiments were performed with two rhesus monkeys (Macaca mulatta) that were sourced from World Wide Primates, where they inhabited large outdoor group enclosures for the first 3-4 years of their lives. In addition, at McGill they had daily access to the large 'playspace' within the animal resources center (8 feet high 6 feet wide by 17 feet deep).
The monkeys were prepared for recording experiments using aseptic surgical techniques. Fifteen minutes preoperatively and every 2.5-3 h during surgery, animals were injected with the anticholinergic glycopyrrolate (0.005 mg kg −1 I.M.) to stabilize heart rate and to reduce salivation. Animals were then pre-anaesthetized using ketamine hydrochloride (15 mg kg −1 I.M.). Finally, buprenorphine (0.01 mg kg −1 I.M.) and diazepam (1 mg kg −1 I.M.) were injected as an analgesic and to provide muscle relaxation, respectively. Loading doses of dexamethasone (1 mg kg −1 I.M.) and cefazolin (50 mg kg −1 I.V.) were administered to reduce swelling and prevent infection, respectively. Surgical levels of anaesthesia were then achieved using isoflurane gas, maintained at 0.8-1.5%, together with a minimum 3 l min −1 (dose adjusted to effect) of 100% oxygen. Heart rate, blood pressure, respiration and body temperature were monitored throughout the procedure. During surgery, a stainless-steel post, which allowed fixation of the MEMS sensor to the animal's head during experiments, was chronically fastened to each animal's skull with stainless-steel screws and dental acrylic. After surgery, dexamethasone (0.5 mg kg −1 I.M.; for 4 days) administration was continued. Buprenorphine (0.01 mg kg −1 I.M.) was given as postoperative analgesia every 12 h for 2-5 days, depending on the animal's pain level, and anafen (2 mg kg −1 and then 1 mg kg −1 on subsequent days) was used as an anti-inflammatory. In addition, cefazolin (25 mg kg −1 ) was injected twice daily for 10 days.
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Animals recovered for 2 weeks before any experimenting began. Following a recovery period of at least 1 month, head movement recordings were then made using a microelectromechanical systems (MEMS) module (iNEMO platform, STEVAL-MKI062V2; STMicroelectronics). The MEMS module, a battery, and a microSD card were encased in a light (64 g) and small (35 × 35 × 15 mm) enclosure, which was firmly secured to the head posts of two macaque monkeys. Specifically, the plane spanned by the fore-aft and lateral axes of the MEMS module was set parallel to the horizontal stereotaxic plane (i.e. the plane passing through the inferior margin of the orbit and the upper margin of the external auditory meatus; Carriot et al. 2014) . Data from each of the six sensors were sampled at 100 Hz and recorded wirelessly on a microSD card. The dataset was the same as that previously published (Schneider et al. 2015) ; however, we note that Schneider et al. (2015) did not consider the spectral content of the recorded signals.
Each monkey was released separately into a large expansive space (240 m 3 ) where it was able to freely move and interact with another monkey from our colony for 160 min while a camera was recording its behaviour. Enrichment materials (scattered treats, toys, etc.) as well as multiple structures that the monkeys could climb, were distributed throughout this space. We note that similar statistics were observed when monkeys were released into a smaller enclosure (9.5 m 3 ), suggesting that the size of the environment does not strongly influence stimulus statistics. Naturally generated behaviours included activities with high levels of activity such as walking, running, jumping and climbing, and rapid head movements, as well as activities with lower levels of activity such as foraging, holding and playing with objects, grooming, and simply sitting and observing the environment. Subsequent to completing these experiments, both animals were assigned to an on-going neurophysiological study.
Data analysis
The angular velocity data recorded from the gyroscopes were projected onto the semi-circular canal planes (left anterior-right posterior: LARP, right anterior-left posterior: RALP and horizontal: YAW) using the rotation matrix:
with θ = 45 deg and γ = 15 deg for mice (Vidal et al. 2004) and 22 deg for monkeys (Sadeghi et al. 2009 ). Power spectral densities (PSD function in Matlab, the Mathworks, Natick, MA, USA) were obtained using Welch's average periodogram. Probability distributions were obtained using binwidths of 0.01 G (G = 9.8 m s −2 ) and 10 deg s −1 for linear acceleration and angular velocity, respectively. Deviation from normality was quantified by the excess kurtosis (K) defined as:
where μ and σ are the mean and standard deviation of the data X, respectively, and <· · ·> is the average. We fitted the power spectrum with a power law over both the low and high frequency ranges. The low frequency range was set from 0.05 to 2 Hz, while the high frequency range was set from 10 to 30 Hz. The power spectra was always above the MEMS module's noise level, which was determined by recording signals for 15 m while the MEMS module was not moving. The transition frequency was determined as the frequency at which the two power-law fits intersect.
Statistical significance was determined using a Wilcoxon rank sum test. Results are reported (and plotted) as means ± S.E.M. and the level of statistical significance was set at P < 0.05.
Results
Statistics of natural self-motion signals in mice
We first characterized the natural statistics of vestibular stimulation experienced by mice during natural everyday behaviours (e.g. walking, running, foraging, grooming, eating, climbing, etc.). Measurements of stimuli along six axes of translational and rotational motion were made using an extremely lightweight MEMS module (see Methods and Fig. 1A ) that was attached to the head (Fig. 1A) . Angular velocity signals were projected onto each animal's semicircular canal planes (LARP, RALP, and YAW) prior to analysis (see Methods), in order to describe the statistical properties of stimuli activating each of the three semicircular canals.
The time varying profiles and statistics of vestibular signals measured in each of the three axes of translation and three axes of rotation are shown in Fig. 1B and C. The intensity of these stimuli could reach up to 1300 deg s −1 and 4.5 G of angular velocity and linear acceleration, respectively (Fig. 1B) . Furthermore, we found that the probability distributions of vestibular stimuli (angular velocity or linear acceleration) in all six-motion dimensions were not Gaussian (compare dashed and continuous lines, Fig. 1C ), but instead where characterized by large (>10) positive excess kurtosis values (Fig. 1C, insets) . Specifically, the distributions decayed more slowly than a Gaussian (Fig. 1C , compare continuous and dashed lines). This implies that stimuli with high intensities were more likely to occur. Overall, the population-averaged excess kurtosis values were significantly different from zero (P < 0.01 for all axes). We next computed the power spectra of the self-motion signals generated by mice during natural behaviour as a function of temporal frequency (Fig. 1D) . Quantification of our results are shown in the log-log plots of Fig. 2A . First, we found that the spectra of translational movements generated during natural behaviours in the mouse were well fitted by a power law for all three axes ( Fig. 2A , left panels). In contrast, the spectra of rotational movements were not well fitted by a power law ( Fig. 2A , right panels). Instead these spectra were relatively flat at lower frequencies (i.e. < ß10 Hz, red line) and then decreased sharply for higher frequencies (i.e. > ß10 Hz, blue line). Consequently, the exponent of the best power-law fit obtained over the low frequency range (which corresponds to the slope of the fit on a log-log plot) was less than the exponent of the best power-law fit obtained over the high frequency range (Fig. 2A) . To quantify this effect, we compared the slopes obtained for the low (Fig. 2B , grey bars) and high (Fig. 2B , black bars) frequency ranges. We found that these were comparable for all three axes of translation (P > 0.1), but significantly different from each other for all three axes of rotation (P < 0.01). Finally, for each axis of rotation, we computed the frequency at which both power-law fits intersected (i.e. the 'transition frequency') and found that on average this measure ranged from ß7 to 10 Hz (Fig. 2C) .
Statistics of natural self-motion signals in monkeys
Primate posture and locomotion are characterized by distinctive features including protracted forelimb posture, powerful pedal grasping, hind limb dominance and diagonal sequence of footfalls (reviewed in Schmidt, 2008) , which differs from other mammals. Accordingly, we posited that natural vestibular signals resulting from self-motion would differ between mice and monkeys. To address this important hypothesis, we next characterized the natural statistics of vestibular stimulation experienced by monkeys during natural everyday behaviours (e.g. walking, running, foraging, grooming, eating, climbing, etc.). Measurements of stimuli along six axes of translational and rotational motion were made using a portable MEMS module that was attached to the subject's head (see Methods and Fig. 3A ). Angular velocity signals were then projected onto each animal's semicircular canal planes (see Methods), in order to describe the statistical properties of stimuli activating each of the three semicircular canals.
The time varying profiles and statistics of vestibular signals measured in each of the three axes of translation and three axes of rotation are shown in Fig. 3B and C. The intensity of these stimuli could reach up to 1500 deg s −1 and 8 G of angular velocity and linear acceleration, respectively (Fig. 3B) . Furthermore, we found that the probability distributions of vestibular stimuli (angular velocity or linear acceleration) in all six-motion dimensions were not Gaussian (compare dashed and continuous lines, Fig. 3C ), but instead were characterized by long tails, as quantified by large (>10) positive excess kurtosis values (Fig. 3C, insets) , indicating that higher intensities were more likely to occur. Overall, the population-averaged excess kurtosis values were significantly different from zero (P < 0.01 for all axes). Figure 3D illustrates the power spectra of the self-motion signals generated by monkeys during natural behaviour on a linear scale. To determine whether the spectra of either translational or rotational movements were well fitted by a power law, we plotted these same data on a logarithmic scale. In contrast to our above findings in mice, translational movement was generally not well fitted by a power law (Fig. 4A, left) ; only vertical motion was well fitted by a power law over the entire frequency range. Similar to mice, we further found that rotational movement was not well fitted by a power law in all three-motion dimensions (Fig. 4A, right) . Thus, overall for all but vertical translations, spectra decayed slowly for lower frequencies and more sharply for higher frequencies (Fig. 4A , difference in slope indicated by red arrows). Consequently, the best power-law fit obtained over the low frequency range gave rise to a different exponent (which corresponds to the slope of the fit on a log-log plot) from the best power-law fit obtained over the high frequency range (Fig. 4A ). Again to quantify this effect, we compared the slopes obtained for the low (Fig. 4B , grey bars) and high (Fig. 4B , black bars) frequency ranges. We found that these were significantly different from each another for all axes of motion with the exception of vertical translational motion (P < 0.05). Finally, for fore-aft and inter-aural translational motion and each axis of rotation, we computed the frequency at which both power-law fits intersected (i.e. the 'transition frequency') and found values between ß2 and . Natural mouse head rotation did not follow a power law A, power spectra on a log-log scale for the 6 motion dimensions and power-law fits over the low (0.05-2 Hz, red) and the high (10-30 Hz, blue) frequency ranges. The power-law exponents (i.e. slopes) and the transition frequencies (i.e. the frequency at which the power-law fits intersect) are also shown. B, population-averaged slopes obtained for the low frequency range (grey bars) were significantly different from those obtained for the high frequency range (black bars) only for rotations at the P = 0.05 level ( * ). C, population-averaged transition frequencies for three rotational dimensions (P = 0.31, Kruskal Wallis test). 10 Hz (Fig. 4C) . Taken together, our results demonstrate that during natural behaviours, the power spectra of translational or rotational self-motion signals experienced by non-human primates are not well fitted by a power law.
Comparison between the statistics of natural self-motion signals experienced by mice, monkeys and humans
In order to understand whether there are differences in the statistics of natural vestibular signals experienced across species, we next directly compared the head motion signals generated during self-motion in mice and monkeys, and those previously published for humans (Carriot et al. 2014 ). This comparison is illustrated in Fig. 5 , where the power spectra of natural vestibular stimuli are superimposed in each panel (i.e. Fig. 5A -F) for all six motion dimensions for mice (red), monkeys (green) and humans (blue). Notably, the relative percentage of head motion at higher frequencies was significantly higher for mice than for monkeys or humans in all rotational and translational axes ( Fig. 5, insets ; P < 0.005). For translations, power spectra obtained for mice were well fitted by power laws whereas this was not the case for monkeys and humans (Fig. 5A, C and E) . For rotations, the power spectra obtained for mice in general decayed more slowly in that they displayed more power over the high (>10 Hz) frequency range than the power spectra obtained for monkeys and humans (Fig. 5B, D and F) . A comparison of the transition frequencies for translations (i.e. the frequency at which the power spectra starts decaying more sharply) revealed no significant (P > 0.5) difference between humans and monkeys for fore-aft and inter-aural motion. Transition frequencies for rotation were significantly different between humans, monkeys and mice (P < 0.05), and humans had consistently lower transitions values in the roll and yaw axes.
Comparing the power-law exponents obtained for the low and high frequency ranges provided further confirmation that natural vestibular stimuli display significant differences across all three species (Fig. 6) . While the power-law exponents over the low frequency range were similar, power-law exponents over the high frequency range tended to be highest in humans and lowest in mice (Fig. 6 , compare blue and red bars). Power-law exponents over the high frequency range in monkeys were, in general, between those observed for mice and humans (Fig. 6 , compare green, red and blue bars), with a notable exception for roll. Thus, natural vestibular stimuli tended to deviate most from scale invariance in humans, followed by monkeys, and deviated the least or not at all in mice.
We conclude that, while the statistics of incoming natural vestibular stimuli differ significantly between all three species, those experienced by monkeys were more similar to humans than those experienced by mice. We discuss the possible causes for these differences as well as their implication for sensory processing below.
Discussion
In the present study we measured, for the first time, the statistics of self-motion signals experienced by mice and monkeys during natural behaviours and found important differences. While in both species probability distributions were not Gaussian but were instead characterized by long tails as quantified by large and positive excess kurtosis values across all six motion dimensions, the vestibular stimuli experienced by monkeys reached larger intensities than those in mice (1500 deg s −1 and 8 G versus 1300 deg s −1 and 4.5 G, respectively). Significant differences were also observed in spectral content. Specifically, for monkeys, spectral frequency content of translational stimuli decreased relatively slowly over low (< ß10 Hz) and more rapidly over high frequency ranges whereas the rate of decay was relatively constant across frequencies for mice. A comparison between our results and those obtained previously in humans revealed that vestibular stimuli experienced during natural self-motion by monkeys were more similar to humans than those experienced by mice. Taken together, our analysis revealed that statistics of natural vestibular stimuli experienced by rodents and primates display differences in their structure, suggesting that the neural coding strategies used to process natural self-motion stimuli differ in both orders of species.
Natural vestibular stimuli deviate from scale invariance across species
Our above results show that natural rotational vestibular stimuli in both mice and monkeys are characterized by power spectra that do not decrease as a power law with increasing temporal frequency. Instead, spectral . Monkey natural vestibular stimuli did not follow a power law A, power spectra on a log-log scale for the 6 motion dimensions and power-law fits over the low (0.05-2 Hz, red) and the high (10-30 Hz, blue) frequency ranges. The power-law exponents (i.e. slopes) and the transition frequencies (i.e. the frequency at which the power-law fits intersect) are also shown. B, population-averaged slopes obtained for the low frequency range (grey bars) were significantly different from those obtained for the high frequency range (black bars) at the P = 0.05 level ( * ). C, population-averaged transition frequencies for all six dimensions (P = 0.07, Kruskal Wallis test). power decreases more rapidly at higher than at lower frequencies. Thus, contrary to results obtained in other sensory systems (Simoncelli & Olshausen, 2001) , natural rotational vestibular stimuli in mice and monkeys do not display scale invariance. In addition, we found important differences between the natural translational vestibular stimuli resulting from self-motion in mice and monkeys. Indeed, while stimuli experienced by the former deviated from scale invariance, those experienced by the latter did not. These results imply that different coding strategies are needed to optimally encode natural translational self-motion stimuli in monkeys and mice. Interestingly, a recent study of natural vestibular stimuli in humans has shown that both rotational and translational signals deviate from scale invariance (Carriot et al. 2014) . Notably, both biomechanical filtering by the human body (McMahon, 1984; Zatiorsky, 1998; Nigg & Liu, 1999; Wakeling et al. 2002 Wakeling et al. ,2003 Hinz et al. 2010 ) and the behavioural repertoire (e.g. active behaviours such as walking) shape the frequency content of motion signals transmitted to the head (Carriot et al. 2014) . In this context, differences between biomechanical filtering and behavioural repertoires for mice and monkeys will likely differentially shape the structure of natural vestibular signals reaching the vestibular organs prior to sensory transduction. It is furthermore likely that the observed similarities between natural self-motion stimulus statistics in human and non-human primates are the result of their more similar posture and locomotion as compared to rodents.
Neural coding strategies and natural stimulus statistics
Our results have important implications for understanding how natural vestibular stimuli are processed in the brain. Studies of other sensory systems have led to the view that the coding strategies used by sensory systems are adapted to optimally process natural stimuli (Attneave, 1954; Barlow et al. 1972; Simoncelli & Olshausen, 2001; Huang et al. 2016) , such that sensory neurons transmit more information about natural stimuli than artificial ones (Rieke et al. 1995; Lewen et al. 2001; Machens et al. 2001; Vinje & Gallant, 2002) . Theory has shown that optimized processing of stimuli requires a match between stimulus statistics and neuronal response properties (Laughlin, 1981; Rieke et al. 1995) . In particular, neuronal responses to natural stimuli should display probability distributions that are independent of the stimulus (Laughlin, 1981) or power spectra that are independent of frequency (i.e. 'white'; Rieke et al. 1995) . Experimental results have shown that both strategies Slopes obtained for high frequency range signals were generally higher for monkeys (green) than mouse (red) and higher for human (blue) than monkey. * Significant difference at P = 0.05; * * significant difference at P = 0.001.
are implemented across multiple systems and species (Laughlin, 1981; Dan et al. 1996; Alonso et al. 2004; Wark et al. 2007; Rodriguez et al. 2010; Pozzorini et al. 2013; Huang et al. 2016) . Our results showing that natural self-motion stimuli display power spectra that deviate from scale invariance have important implications for coding. This is because the neural coding strategies used to optimally encode scale invariant stimuli will be different from those used to optimally encode stimuli that are not. Our findings therefore suggest that the coding strategies used by the vestibular system to encode natural self-motion differ significantly from those used by other sensory systems, where natural stimuli are instead scale invariant.
There is growing evidence that during evolution the vestibular end organs have adapted to the statistics of natural stimuli. In particular, there is a positive correlation between semicircular canal dimensions and body mass (Watt, 1924; Jones & Spells, 1963; Spoor et al. 1994 Spoor et al. , 2002 , leading to the common view that increased sensitivity of larger semicircular canals ensures that more massive animals benefit from more accurate measurement of their slower movements (Jones & Spells, 1963; Graf et al. 1995; Alonso et al. 2004; Clarke, 2005) . However, once body size is accounted for, it is notable that mammalian species with more rapid locomotion (e.g. non-human primates) have even larger canal arc sizes than those with slower locomotion (Spoor et al. 2007) , suggesting that the vestibular system further evolved across mammalian species to efficiently process natural stimuli with different statistics.
We further found that the rotational vestibular stimuli experienced by monkeys reached larger intensities than those in mice. The comparison of the sensitivity of vestibular semicircular canal afferents in mice versus monkeys is consistent with this idea. On average, mouse afferents are three to four times less sensitive to head velocity relative to those of monkeys (i.e. compare Sadeghi et al. 2007 and Lasker et al. 2008) . Similarly, afferent target neurons in the central vestibular nucleus also show relatively low sensitivities to both head velocity and eye position in mouse compared to monkey . One possible explanation for the lower vestibular sensitivity in mice is that it could extend the linear range over which head movement is encoded. However, this does not seem likely. While the head of the mouse has less inertial load than that of larger species, thereby allowing it to accelerate quickly, primates (and humans) can ultimately achieve faster movements due to their longer and more powerful legs and necks (Gould, 1974) . Since vestibular afferents in rodents and monkeys displayed similar levels of variability (Sadeghi et al. 2007; Lasker et al. 2008) , the observed lower neuronal sensitivities of vestibular neurons in mice would be disadvantageous for coding (Swets et al. 1978; Vinje & Gallant, 2000; Borst & Haag, 2001) . One alternative possibility is that in the mouse information from the highly sensitive vibrissae system, which is not found in monkeys and humans, provides essential self-motion cues that are combined with vestibular information to improve the accuracy of head motion tracking during locomotion . Further studies will be required to establish whether this hypothesis is correct.
Overall, our results showing fundamental differences in natural self-motion statistics across species are expected to have important implications for choosing animal models for studying vestibular processing. While we found some differences between the statistics of self-motion stimuli experienced by monkeys and humans, these were more similar to one another than to those experienced by mice. Our results therefore suggest that the coding strategies used to process natural self-motion by the vestibular systems of monkeys and humans will more closely resemble one another than those used by the vestibular system of mice.
Implications for other systems
As noted above, the natural stimuli experienced by the vestibular system appear to be fundamentally different from those observed for other modalities because their spectral power does not generally follow a power law. This is the case for the rotational motion experienced by all mammalian species tested to date, as well as for the translational motion experienced by monkeys and humans. Thus, our results bring forward the important question of whether the vestibular system employs neural coding strategies that are fundamentally different from those of other sensory systems. Put another way, are the coding strategies used by the vestibular system optimized to the unique spectral structure of the signals (i.e. shaped by biomechanics and active motion) impinging on the sensors in the head? Indeed, the adaptation of vestibular pathways to stimuli that do not follow a power law would have important consequences for higher levels of processing. Notably, Weber's law, which states that the discrimination threshold is proportional to stimulus magnitude, is observed across sensory systems (Laming, 1986; Zanker, 1996; Dehaene, 2003; Brannon et al. 2008; Francisco et al. 2008) . The fact that sensory perception follows Weber's law is commonly thought to be a consequence of adaptation of the coding strategies used by sensory systems to natural stimuli with spectral power that follows a power law (Shepard, 1987; Anderson, 1990; Chater & Brown, 1999) . Thus, if our prediction is correct, then vestibular perception should deviate from Weber's law. While some studies suggest that vestibular perception does indeed follow Weber's law for translational stimuli (Naseri & Grant, 2012) , others instead suggest a deviation J Physiol 595.8 from Weber's law for rotational stimuli (Mallery et al. 2010) . However, as both studies only tested relatively low (ࣘ0.6 Hz) frequencies, experiments testing vestibular perception over the natural frequency range (0-20 Hz) are necessary to test whether vestibular perception does not follow Weber's law.
Future studies will also be required to further our understanding of how behaviour shapes the encoding of sensory stimuli. In natural conditions, the vestibular stimuli experienced by mice and monkeys are actively generated. Interestingly, recent studies have shown that active sensing can contribute to shaping the structure of natural visual, somatosensory, and vestibular stimuli prior to sensory transduction (Kuang et al. 2012; Moore et al. 2013; Carriot et al. 2014) . For example, the observation that mice minimize their vertical head motion during self-motion (e.g. Pozzo et al. 1991a,b; Bril & Ledebt, 1998; Cromwell et al. 2002 Cromwell et al. , 2004a effectively constrains the structure of natural vestibular stimuli. We speculate that this will in turn alter the coding strategy used to represent vertical motion. Indeed, we hypothesize that combined effects of active sensing and biomechanics alter the statistics of natural signals in other sensory modalities prior to sensory transduction, suggesting that additional studies in behaving animals are required to fully establish the fundamental properties that determine the neural code. In addition, future studies should focus on the statistics of the vestibular input during self-motion for different age groups as well as across gender. In the present study, we focused on head motion in adult male monkeys and mice. Normative data sets that include a broad range of age groups across gender would facilitate comparisons with different experimental groups (e.g. maturation in different natural environments, normal versus transgenic animals, or animals with specific central nervous system lesions) to establish whether and how the statistics of natural vestibular stimuli change.
